Resilience index is used to analyze complex systems such as communities, when they are subjected to disasters like earthquakes, hurricanes, floods etc. in order to quantify preventive measures, emergency measures and restoration measures. Physical infrastructures within a community have a certain degree of interdependency. Interdependencies can generate cascading failures or amplification effects which can eventually affect also the restoration measures right after an extreme event. These effects can be described by a reduction of the resilience index within a given region. In this article, starting from the restoration curves of March 11 th 2011 Tohoku Earthquake in Japan, a method to evaluate the interdependency index and to calculate the community resilience index is proposed. The weights of each infrastructure which are used to evaluate resilience are evaluated starting from the degree of interdependency indices which are evaluated using time series analysis.
INTRODUCTION
In the last years the scientific community increased its interested in lifelines interdependencies and resilience evaluation (Cimellaro et al., 2010ª, 2013 . In literature there are several papers related to the evaluation of the interdependency index among infrastructures (Arcidiacono et al., 2012) ; however the taxonomy of lifeline interdependencies is given for the first time in the fundamental work by Rinaldi et al. (2001) . Later Paton and Johnston (2006) have given a numerical quantification of the dependencies among different infrastructures, by using an empirical approach in which the degree of dependency among different infrastructures is function of the strength of dependency (high, medium, low dependence). Bigger et al. (2009) have collected different interdependent lifeline information associated with the 2004 hurricane season in Florida. Delamare et al. (2009) have studied the potential effect of interdependencies that may occur between the telecommunication and the electrical network and they have proposed a model that describes the behavior of these interdependent systems. More recently, Kjølle et al. (2012) have used contingency analysis (power flow), reliability analysis of power systems and cascade diagrams for investigating interdependencies, while Poljansek et al. (2012) have studied the seismic vulnerability of the European gas and electricity transmission networks from a topological point of view; network interdependency is evaluated using the strength of coupling of the interconnections, together with the seismic response. Recently Dueñas-Osorio and Kwasinski (2012) have proposed an approach based on the postanalysis of the restoration curves. The interdependency index between infrastructures is calculated with an empirical equation that depends on the maximum positive value of the cross correlation function (CCF) of the two data series. In this article it is proposed a method to evaluate resilience of a region affected by a disaster considering infrastructure interdependency. The resilience index of every infrastructure in the region is combined with others through weight coefficients, which are calculated starting from a modified version of the interdependence index proposed in the work of Dueñas-Osorio and Kwasinski (2012) where the cross correlation functions (CCF) are adopted. A new method to evaluate interdependency index is proposed and compared with other methods available in literature. Finally, the regional resilience index is evaluated taking in account the weights coefficients which are evaluated for every region and infrastructure considered in the analysis. The proposed method is described using the restoration curves (Nojima, 2012) of the physical infrastructures of the 12 regions which were affected by March 11 th 2011 Tohoku Earthquake.
RESTORATION CURVES OF PHYSICAL INFRASTRUCTURES AFTER 2011 TOHOKU EARTHQUAKE
In this paper the time series used for the analysis are the restoration curves recorded during March 11 th 2011 Tohoku Earthquake (Nojima, 2012) , in twelve Japanese regions which are listed according to the distance from the epicenter: Miyagi, Ibaraki, Fukushima, Yamagata, Akita, Ibaraki, Tochigi, Aomori, Chiba, Gunma, Saitama and Kanagawa. In Figure 1 are shown the restoration curves of three different types of lifelines (Power delivery, Water supply, City Gas delivery) for the regions of Miyagi, Iwate, Fukushima, Ibaraki, Aomori and Saitama. Instead for the region of Yamagata, Akita, Tochigi and Gunma are available only the data of Power delivery and Water supply, whereas for Chiba and Kanagawa prefecture are available only the restoration curves of the Power delivery and City Gas delivery. In Figure 1 are shown the effects on the restoration curves of two main aftershocks, which occurred on April 7 th (M=7.2) and on April 11 th (M=7.0), on the different infrastructures and regions respectively. The first aftershock affected the most damaged regions located near the epicenter of the main shock and aftershock, whereas the second aftershock affected only the lifelines of Fukushima prefecture. City Gas delivery were not influenced from the two aftershocks in any region. The method proposed in the paper for the evaluation of the interdependency index and the weights coefficients necessary to evaluate the regional resilience is based on the evaluation of the CCF among different restoration curves. In order to calculate the CCF functions, it is necessary that the time series would be at least weakly stationary (Shumway and Stoffer 2006) . To minimize the effects of non-stationary and obtain meaningful statistical analyses, the time series data have been logarithmically transformed and second-differenced. This transformation stabilizes the variability, and the mean value which remains constant through the time while the autocovariance values decay rapidly and only depends on the time-difference h = t 1 -t 2 between the data series, where t 1 and t 2 are arbitrary points in time (Shumway and Stoffer 2006) . An example of the results of the transformation is shown in Figure 2a about Power delivery and water supply for Miyagi region.
EVALUATION OF INTERDEPENDENCY INDEX
In order to have a set of homogeneous curves with which is possible use the transformation mentioned in previous paragraph, it is necessary to normalize the available data of the restoration curves and linearly interpolate them. After the logarithmical transformation and the second-differenced of the data series, it is possible evaluate the CCF functions ( , ( ) i j h ρ ) for different combinations of the restoration curves. 
, 1 ( ) sgn( ) 0 1 1 Figure 2b with the two horizontal lines), N corresponds to the number of CCF values that exceed the upper bound of statistical significance. n infrastructure restoration curves are analyzed and the results are organized in a matrix of dimension n x n in which every elements ranges between -1 and 1. Positive values of this index shows that the i th infrastructure (row) leads the restoration process of the j th infrastructure (column), while negative value of this index shows that the i th infrastructure (row) is lags behind the restoration process of the j th infrastructure (column). The results of March 11 th 2011 Tohoku Earthquake are shown in Table 1 , while in Figure 3 are shown the comparison of different interdependency index S i,j proposed in the regions of Miyagi and Iwate respectively. 
CALCULATION OF THE WEIGHT COEFFICIENTS OF THE INFRASTRUCTURES
The weights i w of the different infrastructures, which are necessary in order to assess the regional resilience, are calculated with the following equation: 
Figure 4 Comparison of different weights coefficients for Miyagi region (a) and for Iwate region (b) for the three different infrastructures
The different weight coefficients are evaluated for all the 12 Japanese prefectures affected by the 2011 earthquake and for the three lifelines using equations (1), (2), (3) and (4). Part of these results is shown in Figure 4 for Miyagi and Iwate prefectures.
REGIONAL RESILIENCE INDEX
The resilience of each infrastructure is given by the following equation (Cimellaro et al., 2010b (Cimellaro et al., , 2013a (Cimellaro et al., , 2013b :
where i R is the value of resilience of the i th infrastructure, ( ) i Q t is the functionality of the i th infrastructure at time t, T c is the control period that in this case is 47 days (the length of the available records of March 11 th 2011 Tohoku Earthquake. The Regional resilience R is evaluated with Equation (8) using the weights of the different infrastructures calculated with Equation (5).
( )
Results are shown in Table 2 and in Figure 5 for different weights of infrastructure's resilience. In Figure 5 it is shown that the major damage occurs in the regions near the epicenter of the main shock. The tsunami caused relevant damages (lower values of the resilience index) in the regions facing the Pacific coast (Miyagi, Iwate, Fukushima, Ibaraki, Aomori, Chiba, Kanagawa), even if they were far from the epicenter. For example, Chiba region has suffered more damage than Tochigi even if Chiba is more distant from the epicenter of the earthquake than Tochigi. This is because Chiba is on the Pacific coast while Tochigi is an interior region. In Figure 6 it is shown the standard deviation of the regional resilience index ordered for each region according to the distance from the epicenter. Near the epicenter are observed higher values of standard deviation which decreases far from it, with the exception of the region closest to the epicenter (Miyagi). (1) and (3) have for denominator the term 1 h + that has the effect of amplifying the interdependency index with respect to equations (2) and (4) that have for the denominator term h (Figure 3 ). The equations that have for denominator 1 h + give more importance to the terms far from lag 0 with respect to the equations that have for denominator h , but if CCF function has a peak to lag 1 ± , Equations (1) and (3) give a value of , i j S that is a half of that which would be obtained using Equations (2) and (4). In Figure 5 it is shown that the weight does not influence the values of the resilience index for regions far from the epicenter. The effect of weight coefficients on the resilience index also disappears in the regions where the epicenter of the earthquake was extremely close and where the tsunami has struck the coast with violence generating extreme damage and drop of functionality to zero such as in the Miyagi region. Equation (4) tends to overestimate the value of resilience with respect to Equation (1) especially for the regions near the epicenter. Finally, in Figure 4b it is shown how Equation (4) (which takes into account all the CCF positive values over the threshold of statistical significance with their lags) gives to power delivery a higher weight with respect to others infrastructure. This behavior is given by the particular structure of the equation which tends to maximize the weight of the infrastructure that has a high value of CCF in correspondence to low positive lags (this is the characteristic of CCF function of power delivery restoration curves). 
Figure 6 Standard deviation of regional resilience
This effect is more important for the regions near the epicenter and tends to become not relevant for regions far from it. This result has a physical meaning, because electric power has a large influence on other lifelines and tends to lead the restoration process or the cascading effects of all other infrastructures. All the others equations don't lead to this result. Based on the considerations above, Equation (4) has been adopted for the evaluation of interdependency index , i j S . Figure 7 shows the prefectures of Japan and their corresponding value of regional resilience index obtained with the process illustrated in this article using Equation 4 to evaluate the weight coefficients.
REMARKS AND CONCLUSIONS
In this article it is proposed a method to evaluate the resilience index of a specific geographic area, by including lifelines' interdependency. Regional resilience is computed starting from a single regional infrastructures resilience which is combined with other infrastructure resilience index using weights coefficients, which are evaluated starting from the degree of interdependency. The degree of interdependency is evlauated starting from a new equation which is based on CCF functions among different restoration curves of different lifelines. Finally the procedure is adopted to the March 11 th 2011 Tohoku Earthquake in Japan. Further detail about the methodology described in the paper can be found in Cimellaro and Solari, 2013c. 
